Due to the energy crisis and environmental issues, many energy storage and conversion systems are becoming greatly important and developing rapidly in recent years. The oxygen evolution reaction (OER) is an important half reaction involved in these systems including water splitting, rechargeable metal-air batteries and regenerated fuel cells. Due to the sluggish kinetics, the electrocatalysis of the OER is essential to realize these high-performance energy systems. Generally, the current commercial OER catalysts are the noble metal based materials such as IrO 2 or RuO 2 , which have a high cost and a limited supply. Thus, it is very necessary and urgent to develop cost-effective, abundant OER catalysts with low overpotentials and fast kinetics to replace the noble metal based materials.
In the past few years, researchers have made extensive efforts to design nonprecious metals (Ni, Co, Fe and so on) based nanomaterials as efficient electrocatalysts for the OER [2] . Among them, transition metal oxides show great potential due to their low cost, great flexibility in terms of structure and morphology, and relativity good long-term corrosion resistance. In particular, cobalt oxides have been widely investigated because of their exceptional physical and chemical properties, and potential applications in electrochemical energy conversion and storage [3] . For instance, porous Co 3 O 4 with different morphologies have been developed as high-performance catalysts for the OER [4, 5] . On the other hand, Fe has been incorporated into mesoporous Co 3 O 4 for enhanced OER catalytic activity due to the increased electrical conductivity [6] . Therefore, the features of high porosity and good conductivity of the Co 3 O 4 are critical to provide high density active sites for the surface reaction, realizing efficient OER electrocatalysis [5, 6] .
Xu et al have applied Ar plasma to the bulk Co 3 O 4 , successfully generating Co 3 O 4 nanosheets with abundant oxygen vacancies [7] . The Ar plasma is well known as a technique for etching and cleaning. In this work, the plasma treatment on the Co 3 O 4 have effectively engraved the nanosheets structure to expose more surface sites. The increased surface area and the introduced surface oxygen vacancies of the Co 3 O 4 result in a significant enhancement of the OER catalytic performance. Furthermore, they have continued to apply the N 2 plasma technique to etch the bulk Co 3 O 4 to generate nitrogen-doped Co 3 O 4 (N-Co 3 O 4 ) with a high N content (∼2.63 at%), creating the discontinuous structure and increasing the surface area of the pristine Co 3 O 4 by ∼40%. The N 2 plasma treatment effectively changes the morphology, electronic and chemical properties of the pristine Co 3 O 4 by introducing the nitrogen doping and porous structure simultaneously. The obtained N-Co 3 O 4 exhibits outstanding catalytic activities towards OER with a low overpotential (∼0.31 V), small Tafel slope (∼59 mVdec −1 ), and excellent long-term stability, which are comparable to that of the commercial noble metal catalyst RuO 2 . The enhanced OER performance is attributed to improved electronic conductivity, increased surface area, abundant electroactive sites and defects, and rich oxygen vacancies in the N-Co 3 O 4 nanosheets.
In the above work, the N 2 plasma treatment has been demonstrated to be an effective technique to change the morphology, structure, and composition, and thus enhance the electrocatalytic performance of the bulk Co 3 O 4 . The advantages of this technique are very obvious. Firstly, it is a very facile and green method to introduce nitrogen heteroatom doping without involving high temperature treatment or tedious wet chemistry reactions. Secondly, the structures and properties of the obtained materials can be preciously controlled by adjusting the treatment conditions such as the plasma power and the irradiation time. Moreover, this work provides an insight into the mechanism of the enhanced electrochemical performance, demonstrating the importance of nitrogen doping effect, oxygen vacancies and improved conductivity on the OER catalysis.
It is worth mentioning that the recent trend is to develop multifunctional nanomaterials for energy conversion and storage systems [8, 9] . Cobalt-based materials show great potentials in multifunctional electrocatalysis for different reactions [10, 11] . In this work, the obtained N-Co 3 O 4 has been only exploited for OER catalysis in a half electrochemical cell. One promising future work could be to further investigate the plasma condition and optimize the catalytic performance, and then develop the heteroatom-doped Co 3 O 4 into high-performance Co-based nanomaterials as bifunctional electrocatalysts for both OER and HER, realizing the application in the water splitting devices.
More importantly, the approach using plasma for the preparation of porous N-doped metal oxides provides new opportunities for the rational design of high-performance functional materials. As a general surface engineering strategy, plasma technique can effectively introduce different heteroatom doping and produce promising novel materials for a variety of electrochemical applications [12, 13] . Since the N doping can effective modify the electronic properties of the Co 3 O 4 , more heteroatoms such as S, P and/or F may also be introduced by plasma treatment by selecting proper reactants to improve the electrocatalytical performance of the cobalt oxides. Besides, other transition metal oxides, metal nitrides, even metal sulfides and metal selenides with the similar physicochemical properties could be introduced as raw materials to produce high-efficient electrocatalysts for various reactions beyond the OER [14] . Through the rational design of the morphologies, structures, and components, heteroatom doped non-precious metal-based materials with unique vacancies and good conductivity have great potentials for many energy conversion and storage applications, including metal-air batteries, fuel cells, supercapacitors and so on.
